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Benzene is a solvent strictly related to some industrial activities and to automotive emissions.
After the reduction in lead content of fuel gasoline, and the consequent decrease in octane number,
an increase in benzene and other aromatic hydrocarbons in gasoline occurred. Therefore, an
increase in the concentration of these chemicals in the air as primary pollutants and as precursors
of photochemical smog could occur in the future. The objectives of this study were to describe the
benzene air pollution at three sites in northwestern Italy throughout 1991 and 1994; to examine
the relationship between benzene air pollution in indoor, outdoor, and personal air as measured by
a group of nonsmoking university students; and to determine the influence of environmental
tobacco smoke on the level of benzene exposure in indoor air environments. The results indicate a
direct relationship between population density and levels of contamination; an indoor/outdoor
ratio of benzene air pollution higher than 1 during day and night; a similar level of personal and
indoor air contamination; and a direct relationship between levels of personal exposure to ben-
zene and intensity of exposure to tobacco smoke. Human exposure to airborne benzene has
been found to depend principally on indoor air contamination not only in the home but also in many
other confined environments. Environ Health Perspect 104(Suppl 6):1137-1140 (1996)
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Introduction
Benzene is a solvent strictly related to some
industrial activities and to automotive
emissions (1). About 2 million U.S. work-
ers are exposed to benzene each year (2,3)
and an increase in benzene and other aro-
matic hydrocarbons in gasoline occurred
after the reduction oflead content and the
consequent decrease in octane number (4).
Therefore, the concentration ofthese chem-
icals in air as primary pollutants and as
precursors of photochemical smog could
increase in the future (5,6).
The main sources of human exposure
to benzene are associated with personal or
professional activities (7-11), active or pas-
sive inhalation ofcigarette smoke, and the
use ofcertain consumer products in indoor
environments (12).
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For example, smoking can cause a 50%
increase in benzene exposure ofcohabitant
nonsmokers; 400 of 5000 materials and
products tested by the U.S. National Air
and Space Administration emit benzene
vapors in amounts ranging from 0.01 pg/g
to 140 pg/g (13). The presence ofbenzene
in the air is of extreme importance for
public health because air is its primary
route of entry into the body and because
benzene has been proved to be a human
leukemogen (14-16).
The purposes of this work are summa-
rized as follows:
First, we described the benzene outdoor
air pollution in three fixed sites in the
Piedmont (northwestern) region ofItaly, in
1991, prior to the anticipated atmospheric
changes due to the introduction of new
gasoline and again during 1994; the sites
were chosen to reflect different degrees of
urbanization. Such a comparison can show
changes in benzene air pollution caused by
the gradual reformulation of fuel from
leaded to unleaded commercialized in
Italy during those years. Furthermore, we
compared the benzene data and some
meteorological parameters to study the
latter as potential favoring factors. Finally,
a comparison between benzene and other
airborne chemicals was investigated to
determine whether they have similar
atmospheric behavior.
Second, we observed the relationships
between benzene pollution in indoor,
outdoor, and personal air ofvolunteers
living in Turin, the capital city of the
Piedmont region.
Third, we evaluated the influence of
environmental tobacco smoke on the
level of exposure to benzene in indoor
environments.
Experimental Methods
OutdoorAir, FixedSites
During all of 1991, the measurement of
benzene air pollution was carried out in
the center ofan urban site (Turin), in a sub-
urban site (Cuorgne), and in a rural site
(Mount Banchetta, 2600 m above sea level).
Details concerning the three sites have been
published (6). Urban sampling was done in
two 1-year periods from January to
December 1991 and 1994, testing for 10
consecutive days per month, 24 hr each day
in an "urban canyon" in the center of
Turin. Due to logistic difficulties, sampling
at Cuorgne in 1991 was limited to the
months ofMarch, May, July, October, and
December; samples were taken in those
months during the same days and hours as
at the urban site. At the rural site, samples
were collected in January and in July 1991
for a consecutive week in each month (7
samples of24 hr each).
A private company, owner of the
meteochemical station in Turin city,
measured four meteorological parameters:
relative humidity, wind speed, solar irradia-
tion, and ground temperature, and two air-
borne chemicals: nitrogen monoxide (NO)
and carbon monoxide (CO). These mea-
surements were obtained every hour during
the same days as the benzene measure-
ments and were mediated for the same 24
hr as benzene. Air measurements in urban,
suburb, and rural sites were carried out
using asampling line (air flow = 1 liter/min)
consisting of a membrane pump, a gas
meter, and a granular activated carbon
(GAC) cartridge.
Indoor, Outdoor, andPersonalAir
Indoor, outdoor, and personal air were
measured using a passive sampler equipped
with a sorbent capsule containing GAC.
All measurements were made simultaneously
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(from 8 AM to 8 PM and from midnight to
8 AM each day) by 10 nonsmoking univer-
sity students who collected the samples for
10 consecutive days (December 1991).
Indoor airwas collected inside an apartment
with a habitable density ranging from 25 to
35 m2 per person. Outdoor airwas collected
outside the same apartment (balcony or
window), and personal air was collected
during normal daily activities by attaching
the personal sampler to the subject's collar.
Each student recorded all the confined envi-
ronments visited during sampling.
An additional 88 young students (14
years of age) were sampled for benzene
using the same passive samplers. These
measurements lasted 24 hr and concerned
only personal air in relation to the intensity
ofsmoking habits ofthe students and their
parents and cohabitants; these data were
obtained by means of a questionnaire
validated by comparison to urinary coti-
nine. Methodology and further details of
this epidemiological sample have been
published elsewhere (17,18).
Analytical Techniques
Passive and active samples were analyzed
with a gas chromatograph (GC) equipped
with an F.I. Detector and a capillary col-
umn DB-624 30 m x 0.318 mm D.I., film
1.8 pm. A titration curve, suitable for the
range of concentrations expected, was pre-
pared by adding known concentrations of
benzene. The GC oven temperature pro-
gram: 450C x 4 min - from 45 to 145°C,
10°C/min - 145°C x 2 min.
Precision ofthe analysis was determined
by analyzing an environmental sample 20
times; the sample was collected by the
active method. The mean results referred
to toluene were: 14.4 pg/m3, SD = 0.6
pg/m, and coefficient ofvariation = 4.9%.
Recovery (95%) has been calculated using
techniques previously described (6,19,20).
The passive method was compared to
the active one used in the three fixed sites.
Twenty parallel measurements (active vs
passive) were done and results show good
overlapping (r=0.97089).
StatisticalAnalysis
Statistical analyses were carried out
using nonparametric tests performed by
Statistical Analysis System Packages for the
IBM PC (21).
Results
Findings obtained for the three sites are
shown in Figure 1. Each monthly bar
represents the mean of 10 daily results. The
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Figure 1. Benzene in air contamination in northwestern Italy (1991).
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Figure 2. Benzene air contamination in Turin (urban site).
direct relationship between level of urban-
ization and benzene pollution is evident, as
is the higher level ofcontamination in all
the sites during the cold months. A com-
parison between 1991 and 1994 in Turin
is reported in Figure 2. The two annual
averages, 6.85 and 6.62 ppb, respectively,
do not indicate differences in benzene pol-
lution between the 2 years; furthermore,
the interseasonal difference in 1991 is high
and benzene pollution in winter 1994 is
lower than in winter 1991 (Table 1).
Statistical correlations between ben-
zene, meteorological parameters, CO, and
NO are shown in Table 2. Considering the
meteorological parameters, the results show
a light negative correlation for wind speed
Table 1. Seasonal comparison between benzene
pollution (ppb) in 1991 and 1994(Turin).
1991 1994
Annual mean 6.85 6.62
Summer 4.40 6.47
Winter 9.84 7.27
Table 2. Correlations to some meteochemical parame-
ters-Turin.
Meteochemical parameters Benzene, ppb
NO +0.558
CO +0.511
Relative humidity -0.299
Wind speed -0.466
Solar irradiation -0.329
Ground temperature -0.253
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Table 3. Indoor/outdoor ratios of benzene, calculated
as mean and standard deviation-Turin, December
1991 (ppb)
Indoor/outdoor, Indoor/outdoor,
day night
No. of samples 98 97
Mean 3.78 2.68
SD 12.13 4.03
and solar irradiation; no significant rela-
tionships are found for relative humidity
and ground temperature. Instead, correla-
tions among benzene, CO, and NO are
significantly positive.
Table 3 shows the mean of indoor/
outdoor ratios collected separately during
day and night by 10 nonsmoking univer-
sity students who collected the samples
for 10 consecutive days in December 1991.
In all cases the ratio is higher than 1
(higher level of contamination in the
indoor environments), especially during
the day, when personal activities are proba-
bly more numerous.
Table 4 shows mean and standard devi-
ation (ppb) for indoor, outdoor, and per-
sonal benzene contamination during day
and night. Comparative analysis ofday and
night means does not offer statistical differ-
ences (p) in indoor or outdoor air. During
the day, personal benzene contamination is
higher than indoor and outdoor air. All
types of air pollution measured by passive
samplers are much higher than in outdoor
air measured in fixed sites (Table 1).
A detailed analysis of single levels of
contamination measured by personal sam-
plers and the corresponding environments
visited by the university students during
sampling shows some cases ofinterest:
* 204.9 ppb of benzene in indoor air
during the day, when the student was
doing housework
* 254.7 ppb ofbenzene in personal air at
a shoe-repair shop
* 70.8 ppb ofbenzene in personal air at a
hairdresser and a supermarket
Results relative to the 88 young
students are reported in Table 5. Exposure
Table 4. Indoor, outdoor, and personal benzene conta-
mination calculated as mean and standard deviation-
Turin, December 1991 (ppb).
Indoor Outdoor Personal
Mean SD Mean SD Mean SD
Day 16.25 14.49 16.45 10.06 18.04 15.26
Night 18.38 13.75 18.73 13.84
p NS NS
NS, not significant.
Table 5. Relationship between benzene and exposure
to tobacco smoke in personal air ofyoung studentsa.
Type of exposure No. Mean, ppb
Active smokers 14 35.09
Passive smokers 36 28.55
Nonsmokers 38 21.9
an=88. Relationships were determined by question-
naires.
to benzene was proportional to the inten-
sity of exposure to tobacco smoke. These
levels of exposure to tobacco smoke were
established by questionnaires validated by
urinary cotinine (17,18).
Discussion
Results obtained at the three fixed sites in
the Piedmont region highlight a direct rela-
tionship between population density and
level of contamination, confirming the
effects of automotive traffic and industrial
activities on benzene outdoor pollution. In
each site, the solvent shows a higher level
ofconcentration during winter, proving its
primary pollutant nature. This fact depends
on the minor mixing ratio during the cold-
est months which allows an accumulation
ofpollutants in the lowest layers of the
atmosphere. Furthermore, the negative cor-
relation with wind speed and solar irradia-
tion confirms that the atmospheric behavior
ofbenzene also depends on the meteorolog-
ical events, many ofwhich have not been
considered in the present work (for example,
thermical inversion, cloudiness, etc.).
An interesting finding shows significant
correlations between benzene, carbon mon-
oxide, and nitrogen monoxide, confirming
a similar origin and atmospheric fate.
Table 6 compares benzene air pollu-
tion measured in this study and that
reported in other urban and suburban
sites; these results demonstrate similar
ranges ofcontamination.
Even if a higher amount of aromatics
were present in gasoline during the years of
the two surveys in Turin, data reported in
Table 1 show that in 4 years no significant
Table 6. Benzene air pollution in some urban sites.
Site Benzene,ppb Reference
Turin, Italy 6.85-6.62 This study
Bayonne/Elizabeth, NJ 2.97 (12)
Los Angeles, CA 4.13 (12)
Sydney, Australia 2.6 (26)
Lincoln Tunnel (NJ-NY) 40.0 (26)
Houston, TX 18.0 (27)
Philadelphia, PA 13.0 (27)
London, UK 6.96 (28)
Phoenix, AZ 5.9 (29)
differences in benzene air pollution have
been recognized. This evidence can be
explained by considering some restrictions
in automobile traffic in the city center in
recent years: a) the enforcement ofparking
meters, b) the enforcement ofsome lim-
ited traffic areas, c) the enforcement ofno-
parking areas, d) changes ofone-waystreets.
These innovations may induce some
optimism about the usefulness of such
actions to lessen human exposure to
outdoor air pollution in the cities.
Indoor/outdoor ratios above 1 confirm
a higher level ofpollution in indoor envi-
ronments during day and night, whereas
when considering the results from indoor,
outdoor, and personal air, no differences
may be demonstrated between day and
night contamination. However, considering
the diurnal data, personal exposure mea-
surements seem to demonstrate a higher
level ofcontamination.
In general, the behavior of benzene is
not very clear. Probably it is involved in sev-
eral, and extremely unsteady, indoor and
outdoor environmental events, some of
which have been verified in the present
work: a) The levels ofemission in indoor
environments can be very high considering
the episodes mentioned above. Considering
the use ofor exposure to products contain-
ing benzene, housework and visits to cer-
tain kinds ofshops can in fact represent
behaviors that lead to exposure to this sol-
vent. b) The seasonal trend measured in
fixed sites is less remarkable in comparison
to CO and NO, well-known markers of
automobile traffic. c) Standard deviation of
indoor, outdoor, and personal air measure-
ments are, in general, very large, confirming
the variability ofbenzene air pollution.
Considering data published elsewhere
(22), toluene and xylene air pollution seem
to demonstrate more linear environmental
behavior and considering the similar origin,
chemical characteristics, and environmental
fate, could be used as indirect markers of
benzene pollution.
Benzene is not a chemical specific for
tobacco smoke pollution, and its presence
in air can depend on many other indoor
sources. Nevertheless, data obtained from
the 88 young students show that the three
degrees of exposure to tobacco smoke
induce a corresponding trend in benzene
personal air contamination. Thus, smoking
induces an increase ofbenzene contamina-
tion in indoor environments and in personal
human exposure (23), but the measurement
of benzene personal air contamination is
not the best and most unique technique to
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distinguish between active and passive
exposure to tobacco smoke.
Both groups ofvolunteers considered
in the present study are nonprofessionally
exposed subjects. Considering the tempo-
ral trend ofoccupational limit of benzene
(TLV-TWA 1990-1991 = 10,000 ppb;
actual = 100 ppb) and considering that it
is a confirmed human carcinogen (Al), the
measured environmental pollution of this
chemical (indoor and outdoor) can be
considered a human health hazard even if
the levels ofbenzene found in the present
study are much lower than levels showing
toxicological effects on humans (16).
Human exposure to benzene, as well as
to other chemicals (aldehydes, volatile
halogenated hydrocarbons, etc.), is due
principally to indoor air contamination,
not only in the home but probably also in
many other confined environments (office,
car, shops, etc.). Furthermore, benzene
exposure depends on lifestyle, smoking,
and home habits (number of daily air
exchanges, the use of air filter, etc.). We
conclude that, considering the low level of
exposure to aromatic hydrocarbons in the
air, only biological markers such as ben-
zene-DNA adducts (24,25) will permit
epidemiological studies concerning this
environmental and public health problem
with correct sensitivity and specificity.
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